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Description 

This invention was made in the course of, or 
under, a contract with NIH. The government has 
rights to the invention pursuant to SBIR Grant No. 5 
CA37430. 

BACKGROUND OF THE INVENTION 

Field ot the Invention to 

The present invention pertains to the art of 
immobilizing bioactive materials and particularly re- 
lates to an improved microsponge for use in motive 
bioreactor systems. The present invention also re- ;s 
lates to the art of culturing microorganisms and 
cells, hereinafter referred to collectively as organ- 
isms, and particularly relates to the culturing of 
organisms immobilized on and/or In mlcrosponges 
in motive reactor systems as submerged suspen- 20 
sions. 

Description of the Prior Art 

A large variety of chemical products are pro- 25 
duced by culturing organisms. For example, fer- 
mentation processes abound for producing antibiot- 
ics and other drugs, alcoholic beverages, cheeses 
and tho like. Most fermentation processes, how- 
ever, are carried out commercially using batch 30 
reaction procedures, even though the value of con- 
tinuous culturing techniques are recognized. 

Recent advances in the areas of genetic en- 
gineering and medicine have ushered in a new era 
in the production of chemical products by culturing 35 
organisms. For example, hybridized mammalian 
cells or hybridomas have been developed which 
secrete antibodies specific to known antigens, such 
as tetanus toxoid. Bacteria, such as E. coli, have 
been genetically engineered to produce~specific aq 
proteins, such as insulin. To best utilize this new 
technology, however, techniques superior to the 
batch fermentation processes must be developed 
for continuously culturing such organisms at high 
concentration and under conditions of optimal 45 
growth so as to maximize the production of such 
products. 

Various arrangements for immobilizing bioac- 
tive materials are known. Solid supports have long 
been used for immobilizing microorganisms in the 50 
treatment of waste water and related fermentation 
processes. More recently, solid microcarriers have 
been used to obtain high cell densities in the 
culture of attachment-dependent cells. For exam- 
ple, microporous polymeric supports fabricated for ss 
example from dextran have been used for cultivat- 
ing cells. Such supports can b obtained commer- 
cially from Pharmacia Fine Chemicals under the 



brand name Cytodex®. Such solid bio-supports, 
however, are not suitable for motive reactor sys- 
tems such as vigorously stirred tanks and fluidized 
beds since substantially all of the cells are adher- 
ent to the surface of said supports and thus are 
exposed to impact stress and trauma during opera- 
tion. 

Porous inorganic microcarriers also are known 
and such supports potentially provide protection for 
the cells in motive applications since the cells 
populate the interior of the microcarriers. Unfortu- 
nately, inorganic microcarriers cannot be made 
with the proper combination of permeability and 
specific gravity to function well in all motive ap- 
plications. For example, the porous fritted glass or 
cordierite supports described in Messing et al. U.S. 
4,153,510 would typically exhibit specific gravities 
in aqueous suspension of less than about 1.3 if 
their void fractions are greater than about 80% 
(Note that void fractions for the Messing supports 
are not disclosed). Quite understandably, these 
supports are not suitable for all motive reactor 
systems where a higher specific gravity generally 
is needed to ensure high relative velocities for 
maximum rates of mass and energy transfer. Con- 
sequently, these supports have generally been rel- 
egated for use in packed bed applications. 

Additionally, it is not known how suitable these 
prior art microcarriers are for the cultivation of 
attachment-independent organisms such as 
hybridomas. 

An object of the present invention is to provide 
a microsponge containing immobilized bioactive 
materials suitable for use in motive reactor sys- 
tems. 

Another object of the present invention is to 
provide a microsponge suitable for immobilizing a 
large variety of organisms characterized by wide 
variations in size and their degree of attachment to 
solid supports. 

A further object of the present invention is to 
provide a microsponge suitable for motive reactor 
systems which permits the continued growth and 
reproduction of immobilized organisms. 

It also is an object of the present invention to 
provide a microsponge suitable for motive reactor 
systems which is conducive to maximizing the 
metabolic activity of immobilized organisms. 

Yet another object of the present invention is to 
provide a method for continuously culturing or- 
ganisms at high concentrations. 

Still another object of the present invention is 
to provide a microsponge suitable for motive reac- 
tor systems which permits the culturing of organ- 
isms at high concentrations while accommodating 
either maximum growth rate or maximum metabolic 
activity. 
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Another object of the present invention is to 
provide a method for the in vitro culturing of both 
attachment-dependent and attachment-independent 
organisms. 

These and other objects of this invention will s 
become apparent from a consideration of the 
specification and appended claims. 

SUMMARY OF THE INVENTION 

W 

The present invention pertains to a weighted 
microsponge, (preferably a collagen microsponge) 
for immobilizing bioactive materials in motive 
bioreactor systems, said microsponge comprising a 
porous, biostable, highly crosslinked collagen ma- 15 
trix containing an inert weighting material, said col- 
lagen matrix having an open to the surface pore 
structure with an average pore size in the range of 
from about 1 micron to about 150 microns, with the 
pores of said matrix occupying from about 70 to 20 
about 98% by volume of the microsponge. said 
microsponge also having an average particle size 
of from about 100 microns to about 1000 microns 
and a specific gravity of above about 1 .05 

The present invention also relates to a method 25 
for the continuous in vitro culture of organisms for 
tho production of biochemical products comprising 
the steps of: 

(a) providing a highly crosslinked, collagen 
microsponge prepared by 30 

(i) milling a source of collagen selected from 
the group consisting of Types I. II and III 
collagen, 

(ii) admixing said milled collagen with an 
acidic liquid medium, 35 

(iii) lyophilizing said collagen-liquid medium 
mixture into a dry sponge matrix, and 

(iv) crosslinking the collagen in said sponge 
matrix by a treatment selected from the 
group consisting of: 40 

(1) contacting said collagen with a cros- 
slinking agent selected from the group 
consisting of carbodiimides and Afunc- 
tional succinimidyl active esters, 

(2) subjecting said dry sponge matrix to as 
elevated temperatures under a vacuum, 

and 

(3) a combination thereof; 

(b) inoculating the highly crosslinked, collagen 
microsponge of step (a) with a culture of said 50 
organisms: 

(c) passing a nutrient medium in direct contact 
with the inoculated, highly crosslinked, collagen 
microsponge: and 

(d) recovering said biochemical products with 55 
th nutrient medium effluent. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a photomicrograph showing a suit- 
able collagen microsponge matrix of the present 
invention illustrating a fibrous structure. 

Figure 2 is a photomicrograph of another col- 
lagen microsponge matrix according to the present 
invention illustrating a leafy structure. 

DETAILED DESCRIPTION 

The present invention is directed to a weighted 
microsponge, preferably a collagen microsponge. 
containing immobilized bioactive materials, particu- 
larly organisms, suitable for use in motive bioreac- 
tor systems and to a method for the continuous in 
vitro culture of organisms for the production of 
biochemical products. As used throughout the 
specification and claims, the term "bioactive ma- 
terial" broadly encompasses both enzymes and 
other chemical factors such as chelating agents, 
hormones, antibodies, etc.. and organisms, i.e., mi- 
croorganisms and the cells of higher organisms. As 
used throughout the specification and claims, the 
term "organism" broadly encompasses both mir- 
coorganisms and the cells of higher organisms. 
The organisms may be derived without limitation 
from such diverse sources as bacteria, fungi, 
viruses, algae, yeasts, animal cells (tissue), e.g., 
mammals, insects and fish and plant cells. The 
term "organisms" and "cell" will be used inter- 
changeably throughout the specification and 
claims. As also used throughout the specification 
and claims, the term "biochemical product" refers 
not only to both primary and secondary 
metabolites produced by such organisms, but also 
to the cellular material or biomass of the organism 
itself, containing, for example, non-secretory pro- 
ducts. Since the weighted microsponge of the 
present invention has particular advantages when 
used for culturing organisms, it generally will be 
described with reference to such embodiments, 
although it is not to be so-limited. 

The microsponge of this invention is prepared 
from a biocompatible (e.g.. non-toxic) polymer that 
is stable in service for an appropriate period of 
time, e.g., on the order of months. The preferred 
microsponge of this invention is formed of a highly 
crosslinked collagen. Biocompatibility refers to the 
ability of the polymeric (e.g. collagen matrix ma- 
terial to support a viable culture of organisms with- 
out substantially adversely affecting any desired 
characteristic of the immobilized organisms, e.g., in 
the case of hybridomas, the polymeric (e.g. col- 
lagen matrix material must not reduce the produc- 
tion of monoclonal antibodies. Th stability or 
biostability of the matrix material refers to its ability 
to maintain its strength and integrity under in vitro 
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conditions over the relevant time period for cultur- 
ing the organism of interest. For example, in the 
case of a hybridoma culture for producing mon- 
oclonal antibodies, it is expected that the motive 
bioreactor would be operated continuously for three 
to six months or more. Thus, the matrix material 
should be biostable for this time period. 

Both natural and synthetic polymeric materials 
can be used as the matrix material. Examples of 
suitable polymers include polysaccharides such as 
dextran, dextrin, starch, cellulose, agarose, car- 
rageenan and the like; proteins such as collagen 
and the like; and synthetic polymers such as poly- 
vinyl alcohols, polyacrylates, polymethacrylates, 
polyacrylamides. polyesters, polyurethanes, 
polyamides and the like. Generally, a material's 
biocompatability and biostability can be verified 
using routine experimentation. 

Based on its biocompatibility and strength, col- 
lagen is presently the material of choice. Collagen 
is a biodegradable polymer found in animals, in- 
cluding man. It has numerous uses in the medical 
art and in most applications is reconstituted and 
crosslinked into an insoluble form using various 
crosslinking agents, such as aldehydes, e.g., 
glutaraldehyde and formaldehyde; ethylchlorofor- 
mate; dimethyl adipimidate; N.N- 
methylenebisacrylamide; 1 ,2-diacrylamide 

ethyleneglycol; cyanamide; N-N'-diallyltartar- 
diamide; cyanogen bromide; concanavalin A; 6- 
aminohexanoic acid; 1 ,6-diaminohexane; suc- 
cinimidyl active esters; carbodiimides and com- 
pounds having similar crosslinking groups and/or 
physical treatment techniques such as freeze-dry- 
ing and severe dehydration at a vacuum of about 
50 millitors or more and at a temperature ranging 
from 50 "C to 200 *C. Unfortunately, many if not all 
of the commonly used crosslinking agents, particu- 
larly glutaraldehyde, which are unavoidably present 
in the crosslinked collagen, cause adverse biologi- 
cal effects and so are cytotoxic. 

Recently, a new collagen-based matrix of im- 
proved biostability has been discovered. This col- 
lagen material is prepared without the conventional 
crosslinking agents. In this matrix. Type I. II or III 
collagen is crosslinked using a carbodiimide or a 
succinimidyl active ester and/or severe dehydration 
conditions at temperatures ranging from 50* to 
200 *C. Such crosslinked collagen typically has a 
molecular weight of from about 1 x 10 6 to in 
excess of 50 x 10 s . The molecular weight of the 
collagen between adjoining crosslinks varies from 
about 1000 to 100,000 via the formation of covalent 
bonds. Because of its resistance to degradation by 
collagenase and other proteinases, this crosslinked 
collagen has been found to be particularly suitable 
as the porous matrix of th microspong . In fact, 
when used for the continuous culture of immo- 



bilized organisms, particularly hybridoma cells ex- 
pressing monoclonal antibodies, microsponges 
made from this collagen material have exhibited 
some . surprising properties. For example. 

5 hybridomas cultured with essentially protein-free 
medium are much more effective in producing 
monoclonal antibodies when immobilized on and/or 
in such collagen matrix microsponges than when 
such matrix is not present. Furthermore, micro- 

w sponges made from the noted crosslinked collagen 
material appear to preferentially retain high con- 
centrations of living (viable) cells and expel non- 
viable cells. 

The preferred crosslinked collagen can be pre- 

J5 pared from both soluble collagens and insoluble 
collagens of the Types I, II and III. The soluble 
collagens are prepared by limited enzymatic diges- 
tion and/or extraction of tissue enriched in such 
collagen types. Insoluble collagens are derived 

20 from the following typical sources: Type I collagen: 
bovine, porcine, chicken and fish skin, bovine and 
chicken tendon and bovine and chicken bones in- 
cluding fetal tissues; Type II collagen: bovine ar- 
ticular cartilage, nasal septum, sternal cartilage; 

25 and Type III collagen: bovine and human aorta and 
skin. For example, Type I collagen from bovine 
corium may be used. It is preferred to use Type I 
tendon collagen. 

In the broad practice of the present invention, 

30 the physical form or macro-configuration of the 
crosslinked collagen microsponge is not critical. 
The microsponge can be used in various physical 
shapes including beads, flakes, discs, libers, films, 
coatings, e.g.. on extended surface supports, and 

35 sheets. For example, the microsponge can be pro- 
vided as a coating on such well-known supports as 
pellets, stars, spiral rings, cross partition ring3, 
Raschig rings, Berl saddles. Intalox saddles, pall 
rings, Tellerette rings and the like. The micro- 

w sponge also can be provided in sheet form, in 
tubular form or in any other unsupported structure. 

In the broad practice of the process of the 
present invention, the sizo of the microsponge is 
not critical. For example, for packed bed or fixed 

45 bed applications (e.g.. plug flow reactors) the 
microsponge may be provided in a size typical for 
such applications. In order to be suitable for cultur- 
ing high concentrations of organisms in motive 
reactor systems and allow for the transfer of nu- 

50 trients to the immobilized organisms and the trans- 
fer of d8sired products from the microsponge, the 
weighted microsponge, preferably collagen, of the 
present invention must satisfy several functional 
requirements. The microsponge typically is in the 

55 shape of a bead and should have a particle size 
within the range of about 100 microns to 1000 
microns, preferably from about 200 microns to 500 
microns. At larger particle siz s th entire internal 



7 



EP 0 217 917 B1 



volume of the porous structure is not utilized effec- 
tively for producing the desired product by reaction 
between the immobilized bioactive material and the 
liquid medium contacted therewith, thus degrading 
the volumetric productivity of the motive reactor 
employing such microsponges. Smaller particle 
size3 present practical problems in preparing the 
microsponge and in operating the motive reactor. 

Permeability of the microsponge is another im- 
portant consideration. A microsponge's pormeabil- 
ity is determined by the interrelationship of its 
porosity or void fraction and its pore structure. Void 
fraction is defined as the ratio of the volume of 
interstices of a material to the total volume oc- 
cupied by the material and often is expressed as a 
percentage. In order to permit operation at high 
organism concentrations, the microsponge should 
have a void fraction of between about 70% and 
98%. Preferably the void fraction of the collagen 
microsponge is greater than 85% and most desir- 
ably is greater than about 90%. 

The microsponge also must possess an open 
to the surface pore structure. This allows for cell 
entry, without excessive shear forces, cell retention, 
subsequent cell growth, and expulsion of excess 
cell mass. For example in cases where the desired 
product is not secreted by the organisms, e.g., 
genetically engineered E. coli with a non-expressed 
rDNA product such as TnsTiiin, the organisms must 
be able to escape the microsponge as the immo- 
bilized colony expands by division. An open pore 
structure is essential if this process is to proceed 
on a continuous basis, without rupturing the micro- 
sponge structure. The desired organism product is 
recovered as an entrained component of the cul- 
ture harvest liquor. 

The microsponge should contain pores with an 
average size within the range of about 1 micron for 
the smallest microbes and for viruses, up to about 
150 microns for large mammalian and plant cells. 
Generally, the pores of the microsponge must be 
at least as large as the smallest major dimension of 
the immobilized bioactive material but less than 
about 5 times the largest major dimension. Prefer- 
ably, the pore size of the matrix is on the order of 
1.5 to 3 times the average diameter of the or- 
ganism or cell. If unknown, the smallest and largest 
major dimensions of an organism can be deter- 
mined using known techniques. Applicants have 
found that the recited combination of particle sizes 
and pore sizes insure adequate mass transfer of 
constituents such as nutrients to the immobilized 
organisms, as well as adequate mass transfer of 
constituents, such as desired metabolites from the 
immobilized organisms. 

For use in motive reactor systems, the micro- 
sponge ( .g. collagen) also must b weighted. The 
polymeric materials (e.g. crosslinked collagen) 



used as the matrix material in the present invention 
generally have a specific gravity of about 1.0 or 
less. For proper operation in a motive reactor, a 
specific gravity of above about 1.05, preferably 

s above about 1.3 and most preferably between 
about 1.6 and 2.0 is desired. It has been found 
surprisingly that it is possible to obtain collagen 
microsponges of the proper specific gravity by 
introducing certain weighting additives into the 

w microsponge without undesirably reducing its void 
fraction. The weighting additive must be substan- 
tially inert in the reactor environment and non-toxic 
to the immobilized organism, or must be suitably 
treated to render the additive non-toxic. Also, the 

is weighting additive should not adversely affect the 
productivity of the immobilized organism. Gener- 
ally, materials, such as metals and their alloys and 
oxides, and ceramics, having a specific gravity 
above about 4 and preferably above about 7 are 

20 used. Examples of suitable weighting additives for 
use in the broad practice of this invention are 
chromium, tungsten, molybdenum, cobalt, nickel, 
titanium and their alloys, e.g.. Monel. 316 stainless, 
Vitalium (a cobalt alloy with chromium and molyb- 

25 denum), titanium 6AI-4V (a titanium alloy with alu- 
minum and vanadium) and Haynes Stellite Alloy 25 
(a cobalt alloy with chromium nickel, tungsten and 
manganese). Many of these materials, however, 
may not be compatible with certain organisms and 

30 routine experimentation will be necessary to assess 
toxicity for any application. For example, titanium is 
the weighting material of choice with hybridomas, 
since most other metals are cytotoxic. 

The weighting additive can be introduced into 

as and dispersed throughout the microsponge as a 
finely divided powder, with most particles having a 
size on the order of 10 to 40 microns. However, to 
minimize the surface area of the weighting additive, 
it is desirable to employ it as a solid core in the 

<o microsponge. Sufficient weighting material is added 
to yield a microsponge with the desired specific 
gravity. For example, about a 50 micron diameter 
core of a weighting additive having a specific grav- 
ity of about 7.0 coated with a 50 micron thick layer 

45 of collagen having an average pore size of 20 to 40 
microns and a void fraction of about 99% yields a 
microsponge with a specific gravity of about 1.7 
having an overall void fraction of about 85%. Such 
a microsponge is particularly suitable for use in an 

so aerobic motive reactor systems. 

Finally, for motive applications the collagen 
microsponge should exhibit the proper resistance 
to attrition. A charge of microsponges preferably 
should have a useful life on the order of three to 

55 six months or more. Typically, the microsponges 
should exhibit not greater than about a 10% loss in 
volume after three months of operation. 
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Normally, organisms exhibit wide variation in 
their degree of attachment to solid supports. Cer- 
tain organisms, for example, readily cling or attach 
to a wide variety of supports, including both or- 
ganic and inorganic materials, while others will only 
attach to supports of biological origin (attachment- 
dependent organisms). Other organisms exhibit lit- 
tle direct attachment to any support material 
(attachment-independent organisms). The micro- 
sponge of the present invention, because it is pre- 
pared from polymeric (organic) materials and be- 
cause of its permeability (porosity and pore struc- 
ture) should be suitable for immobilizing substan- 
tially all types of organisms. 

In fact.'as noted in more detail below, it even is 
possible to tailor the micro-structure or configura- 
tion of the microsponge to best accommodate the 
attachment tendency of the immobilized organism. 
For example, microsponges having the wire-mesh 
structure (Figure 1) can be employed in conjunc- 
tion with attachment-independent organisms, while 
microsponges exhibiting a leafy structure (Figure 2) 
can be used with attachment dependent organisms. 

Any suitable procedure used by the prior art 
for immobilizing such organisms on microsponges 
can be used in the present invention including such 
techniques as adsorption and chemical coupling. 
For example, in the case of certain organisms it will 
only be necessary to mix the collagen microspon- 
ges in a broth inoculated with the specific or- 
ganism. After a short period of time, the organism 
will colonize the microsponges and become en- 
trapped in their pores. In the case of some or- 
ganisms such as fibroblasts and hybridomas. it 
also may be desirable to coat the microsponge 
with attachment-promoting materials such as 
fibronectin, polylysine and anti-hybridoma anti- 
bodies prior to inoculation. Other techniques, such 
as applying a net charge to the surface of tho 
microsponge, also can be used to enhance immo- 
bilization. 

As will be recognized by those skilled in this 
art, in the broad practice of the present invention, 
the procedure used for bringing the immobilized 
bioactive material into direct contact with a liquid 
reagent stream such as a growth supporting me- 
dium for culturing of immobilized organisms is not 
critical and any of the numerous arrangements 
available in the prior art including such well known 
apparatus as stirred tank reactors, fixed bed reac- 
tors, fluidized bed reactors and moving bed reac- 
tors and the like could be used. Generally, when 
culturing organisms the microsponges are charged 
to a suitable reactor and mixed therein with a 
nutrient broth and an inoculum of the organism. 
The microsponges should be completely sub- 
m rged. The microsponges ar incubat d so that 
the organisms grow and colonize the porous matrix 



of the microsponge. Fresh nutrient broth along with 
other materials necessary for growth, such as oxy- 
gen in the case of aerobic organisms, are supplied 
in a continuous manner to the reactor and harvest 

5 liquor containing the biochemical product of inter- 
est is recovered. The biochemical product may 
comprise a primary or secondary metabolite of an 
immobilized organism, excess biomass generated 
by an immobilized organism containing for exam- 

10 pie a non-secretory product, an immobilized en- 
zyme catalyzed reaction product or the like. 

A particular advantage of the microsponge of 
the present invention is that it can be used in a 
mixed or motive system such as a fluidized bed 

is reactor. As used herein, the term "motive reactor" 
refers to reactor systems in which relative motion 
between the microsponge and the fluid medium is 
provided in part by imparting motion to the micro- 
sponges themselves. Such reactor systems sub- 

20 stantially enhance mass and energy transfer. A 
particularly preferred motive reactor system is de- 
scribed in co-pending U.S. Patent Application 
Serial No. 706,872 filed on February 28, 1985 in 
the names of Robert C. Dean, Jr.. Peter V. Grela 

25 and Subhash B. Karkare. 

To prepare a highly crosslinked collagen 
microsponge, a suitable collagen source first is 
milled to a small "fiber" size. Generally, the col- 
lagen is milled (e.g., using a Wiley mill) to obtain 

30 particles (fibers) with a maximum dimension on the 
order of about 200 microns. Preferably, the col- 
lagen source material is milled (i.e., dry ground) to 
yield fibers having a diameter on the order of 1 to 
50 microns and a length no greater than about 200 

as microns. Proper milling of the collagen source ma- 
terial is important for obtaining microsponges of the 
desired structure. 

Tho millod collagen thon is formed into a 
collagon-basod solution or dispersion, i.e., a solu- 

40 ble collagen dissolved in a solvent, or an insoluble 
collagen dispersed in a solvent by admixture with a 
suitable solvent, particularly acids such as dilute 
hydrochloric acid, dilute acetic acid or the like. In 
the present invention organic acids are particularly 

45 preferred, including acetic acid, lactic acid, pro- 
prionic acid, butyric acid and the like. Certain long 
chain fatty acids also could be used. The collagen 
is mixed into the liquid (solvent) using standard 
mixing equipment. Preferably, in the case of a 

so collagen dispersion the mixing is accomplished 
with a high level of agitation using, for example, a 
Waring blender, so as to produce microfibers of 
the collagen. The mixture of collagen and solvent 
typically comprises between about 0.5% to about 

55 1 .5% by weight of the collagen. The mixture pref- 
erably exhibits a pH in the range of about 2.0 to 
about 4.0. A pH in th range of 1.0 to 2.0 may also 
b used as long as the temperature of the mixture 
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is sufficiently reduced (e.g., about 4*C) to avoid 
denaturization of the collagen. 

Next, the weighting additive is blended with the 
collagen-liquid mixture and the composite mixture 
is formed into small droplets and rapidly solidified 
by freezing at a temperature below about 0 • C and 
preferably below about -30 *C to form particles of 
the desired size. Any known technique for produc- 
ing small particles can be employed in carrying out 
the present invention. Suitable techniques include. 
inter alia , pressure or air-shear spraying, emul- 
sification techniques, droplet formation using Ra- 
leigh liquid jet instability techniques, extrusion tech- 
niques, droplet formation using gravity or centri- 
fugal forces, electrostatic droplet formation, and 
droplet formation using inertial forces. For example, 
suitably sized particles have been prepared using 
inertial forces to form small droplets at the orifice 
of a vibrating needle. The droplets can be frozen 
by allowing them to fall into a cryogenic bath of 
liquid nitrogen. Obviously other chilling baths for 
freezing the droplets could be used, e.g., chilled 
ethanol. Also, larger sized particles formed by 
freezing possibly could be reduced to the desired 
particle size by such destructive techniques as 
grinding and the like. Still additional techniques 
such as various coating methodologies, could be 
used to form microsponges having a solid core of 
the weighting additive. In this case a shell of the 
collagen matrix would surround the weighted core. 
Those skilled in the art will recognize other tech- 
niques suitable for forming small particles of the 
types described above and the present invention is 
not intended to be limited to any specific tech- 
nique. 

The pore size and structure of the collagen 
microsponge is influenced by a variety of factors. 
For example, changes in the collagen concentration 
appear to affect pore size, with higher collagen 
concentrations tending to yield smaller pore dimen- 
sions. The pH of the mixture and the specific acid 
used in preparing the mixture also affect the pore 
size and structure of the resultant microsponge. 
For example, it has been found that too low a pH 
tends to significantly limit the pore dimensions of 
the microsponge while higher pHs cause a distinct 
collagen phase to separate from the original solu- 
tion or dispersion thereby preventing the formation 
of a porous structure and when a finely divided 
weighting additive is used it tends to remain in the 
dispersed phase. The rate of freezing also appears 
to influence the structure of the microsponge and 
the structure also will vary with changes in collagen 
type. 

Thereafter, the frozen composite is vacuum 
freeze-dri d pr ferably using conventional equip- 
ment operating at a vacuum of more than about 50 
millitorr and at a temperatur in the range of about 



22 *C to -100'C. The combination of freezing and 
drying is referred to as lyophilization. 

The freeze-dried collagen matrix composite 
then is treated so as to crosslink the collagen. The 

5 collagen can be crosslinked using either chemical 
crosslinking agents preferably selected from the 
group consisting of a carbodiiamide or N-hydroxy 
succinimide-derived active esters (succinimidyl ac- 
tive esters), by severe dehydration at an elevated 

to temperature or by a combination of these treat- 
ments. The strength and biostability of the collagen 
matrix so-prepared is influenced by the degree of 
crosslinking introduced through such treatment. 
These crosslinking methods provide a collagen ma- 
rs trix that is surprisingly resistant to collagenase and 
other enzymatic degradation thereby making these 
materials particularly suitable for culturing organ- 
isms. Examples of carbodiiamides which can be 
used In the chemical treatment are cynamide and 

20 1 -ethyl-3-(3-dimethylaminopropyl)-carbodiiamide 
hydrochloride. Suitable bifunctional succinimidyl 
active esters include bifunctional N-hydroxy suc- 
cinimide, S^'-dithioOulfosuccinimidyl) propionate 
and bis(sulfosuccinimidyl) suborate. When using 

25 such chemical crosslinking agents, the dry collagen 
matrix material is immersed in a solution of the 
crosslinking agent at about room temperature for a 
period of time of from about 2 to 96 hours. The 
solution of crosslinking agent may contain from 

30 about 0.1 to about 15% (weight per volume) of the 
crosslinking agent. Alternatively, the crosslinking 
agent could be added to the original solution or 
dispersion of the collagen source. 

To crosslink the collagen matrix using severe 

35 dehydration, the microsponge is subjected to a 
vacuum of about 50 millitorr or more for a period of 
time of from about 2 to about 96 hours at a 
temperature in the range of about 50 *C to about 
200 * C, e.g., about 1 00 • to 1 1 0 * C. 

40 As noted above, the two treatments also can 
be used in combination and it is preferred to use a 
severe dehydration treatment followed by chemical 
treatment to crosslink the collagen matrix. Gen- 
erally, however, in those cases where chemical 

45 treatment precedes the dehydration treatment the 
crosslinking agent should be added directly to the 
original collagen solution or dispersion prior to for- 
mulation of the matrix particles and lyophilization in 
order to facilitate subsequent vacuum dehydration 

50 treatment. Also as noted above the strength and 
biostability of the collagen matrix is influenced by 
the degree of crosslinking introduced through such 
treatment. These crosslinking methods provide a 
collagen matrix that is surprisingly resistant to col- 

55 lagenase and other enzymatic degradation thereby 
making these materials particularly suitable for cul- 
turing organisms. Whenever chemical treatment is 
used, the collagen matrix should be washed exten- 
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sively prior to further use in order to remove any 
excess crosslinking agent. Further information con- 
cerning the procedure for preparing the highly 
crosslinked collagen can be obtained from U.S. 
Serial No. 593,733 filed on March 17, 1984 in the 
names of Frederick H. Silver, Richard A. Berg, 
David E. Birk, Kevin Weadock and Conrad Whyne 
and entitled "Biodegradable Matrix and Methods 
for Producing Same," the disclosure of which is 
incorporated herein by reference. 

After thoroughly washing the crosslinked col- 
lagen matrix in ultra-pure water, the microsponges 
then may be sterilized using conventional steriliza- 
tion techniques. A particular advantage of the col- 
lagen microsponges is that they are manufactured 
separate from the step of organism immobilization 
and as a result they can be properly sterilized prior 
to being inoculated or stored. Preferably, the 
microsponges are sterilized using gamma irradia- 
tion. Ethylene oxide also may be used as an alter- 
native, as may additional sterilization procedures 
known to those skilled in the art, as long as the 
important characteristics of the microsponge are 
not compromised. Obviously, when sterilizing the 
microsponges using ethylene oxide the particles 
must be thoroughly ventilated in order to remove 
all traces of this sterilizing agent before subse- 
quently using the microsponges for culturing or- 
ganisms. It also has been discovered that the se- 
vere dehydration treatment for an extended time at 
an elevated temperature used to crosslink the col- 
lagen may satisfactorily sterilize the microsponge, 
thus obviating any additional treatment. 

Preforably, the sterilized microsponges are as- 
eptically packaged for delivery to the ultimate con- 
sumer. The user simply places the microsponges 
into a previously sterilized reactor, adds the proper 
nutrients and inoculum and initiates operation. In a 
preferred embodiment, the package actually com- 
prises a disposable reactor vessel having the nec- 
essary connections for feeding a nutrient stream, 
for removing a harvest liquor and for ancillary oper- 
ations, as needed, such as heat exchange, oxygen- 
ation and process control. For a fluidized bed reac- 
tion, the vessel also would contain a suitably de- 
signed distribution plate. Such a pre-packaged dis- 
posable reactor vessel may have a volume be- 
tween about 0.1 liter and 10 liters. In this case, the 
user of the reactor simply integrates it into the 
process equipment consisting of pumps, valves, 
piping, heat and gas exchangers and various in- 
strumentation and related probes and begins op- 
eration. Providing a disposable reactor, pre-pack- 
aged with the microsponges sterilized and ready 
for use, significantly simplifies start-up procedures 
for culturing organisms, particularly when changing 
from one cultur to another. 



Although not completely understood, it has 
been observed that variations in process param- 
eters lead to important variations in the structure or 
configuration of the highly crosslinked collagen ma- 

5 trix itself. Figures 1 and 2, which are photomicrog- 
raphs of the collagen matrix prepared using the 
techniques described above, illustrate these dif- 
ferent structures. The photomicrographs of Figures 
1 and 2 were obtained using scanning electron 

io microscopy. Figure 1 illustrates a collagen matrix 
having substantially a wire-mesh structure. In this 
structure, the diameter of the fiber network typically 
is on the order of about 1 micron. This structure is 
particularly desirable for attachment-independent 

15 type organisms such as hybridomas. In this matrix, 
such organisms become trapped in and on the 
matrix structure. Figure 2 illustrates a leaf-type 
matrix structure. The leaves of this structure typi- 
cally have a thickness on the order of about 1 

20 micron. This structure is particularly suitable for 
attachment-dependent cells such as fibroblast 
cells. Currently, it is believed that the rate of chil- 
ling (freezing) the droplets in the bead making 
process influences the morphology of the collagen 

25 microsponge. 

The following examples are intended to more 
fully illustrate the invention without acting as a 
limitation on its scope. 

30 Example 1 

This example describes the preparation of 
microsponges of the highly crosslinked collagen 
matrix material. 

05 Partially purified tendon collagen was milled to 

obtain fibers having a length of less than about 200 
microns and a diameter of between about 5 and 50 
microns using a Wiley Mill obtained from VWR 
Scientific. An amount of milled collagen material 

40 then was mixed with a solution of acetic acid using 
a Waring blender so as to produce a collagen- 
based dispersion having a pH of about 3.0 and 
about 1.0% (by weight) of collagen. Then, an inert 
weighting material, titanium, was added to the 

45 collagen-based dispersion as a fine powder having 
particle sizes within the range of about 5 to about 
180 microns. 

The composite mixture then was formed into 
solid particles by first producing small droplets of 

so the composite mixture. Droplets were produced by 
flowing the composite mixture through a vibrating 
hollow needle having an internal diameter of about 
1.3 millimeters vibrated at a frequency of about 90 
Hz. The droplets fell into a cryogenic bath of liquid 

55 nitrogen and were rapidly frozen. The frozen 
droplets of the composit mixture then were vacu- 
um dried using a Virtis Freezemobile Lyophilizer 
Model 6 at a vacuum of about 10 millitorr for about 
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48 hours. 

After such lyophilization, the dried microspon- 
ges were subjected to a severe dehydration 
(dehydrothermal treatment) at a temperature of 
about 100 'C under a vacuum of about 10 millitorr s 
for about 72 hours using a VWR Scientific drying 
oven. The microsponges then were treated with a 
1.0% (by weight) sotution of cyanamide as a 
chemical crosslinking agent at a pH of about 5.5 for 
about 24 hours at about 20 • C. ro 

The highly crosslinked microsponges then 
were thoroughly washed for about 24 hours using 
ultra-pure water, were dried and then sterilized by 
gamma irradiation. The microsponges had particle 
sizes within the range of about 200 to 800 microns. is 
a void fraction on the order of about 77%, pore 
sizes on the order of about 20 microns, and a 
specific gravity on the order of about 1.1. The 
microsponges had a wire mesh micro-structure. 

20 

Example 2 

The microsponges of Example 1 can be used 
to support the growth of hybridoma cells. In par- 
ticular, about 300 ml of the microsponges can be 25 
contained in a 600 ml reactor vessel. The micro- 
sponges can be inoculated with the hybridoma 
cells and cultured using a suitable nutrient medium. 
The reactor can be operated at a solids concentra- 
tion of about 25-40%. while the content of the 30 
reactor is vigorously agitated. A nutrient medium 
such as Delbecko Modified Eagle medium with 
10% fetal calf serum can be passed into the reac- 
tor in a continuous manner and a product stream 
containing the monoclonal antibodies can be recov- 35 
ered at a substantially equivalent flow rate. 

It will be obvious to one of ordinary skill that 
numerous modifications may be made without de- 
parting from the true spirit and scope of the inven- 
tion which is to be limited only by the appended 40 
claims. 

Claims 

1. A microsponge for immobilizing bioactive ma- 45 
terials in motive bioreactor systems, being 
characterized in that the microsponge com- 
prises a porous, biostable matrix of a biocom- 
patible polymer containing an inert weighting 
material which weights the microsponge; the so 
matrix having an open to the surface pore 
structure with an average pore size in the 
range of from about 1 to about 150 microns, 
the pores of the matrix occupying from about 
70 to about 98% by volume of the micro- 55 
sponge, and in that the microsponge has an 
average particle siz of from about 100 to 
1000 microns and a specific gravity of above 



about 1.05. 

2. A microsponge according to claim 1 having 
immobilized therein bioactive material selected 
from the group consisting of enzymes, mi- 
croorganisms, dead cells and living cells. 

3. A microsponge according to claim 1 wherein 
said biostable, biocompatible polymer is se- 
lected from collagen, cellulose, dextran, dex- 
trin, polyamides, polyesters, starch, agarose, 
carrageenin. polyurethanes. polyvinyl alcohols, 
polyacrylates, polymethacrylates and 
polyacrylamides. 

4. A microsponge according to claim 1 wherein 
the inert weighting material is selected from 
metals, metal alloys, metal oxides and ceram- 
ics. 

5. A microsponge according to claim 4 wherein 
the weighting materials has a specific gravity 
of above about 4.0 and the microsponge has a 
specific gravity of above about 1.3. 

6. A microsponge according to claim 5 wherein 
the inert weighting material is dispersed 
throughout the porous matrix as finely divided 
powder. 

7. A microsponge according to claim 5 wherein 
the weighting material is centrally disposed as 
a solid core about which the porous matrix is 
formed. 

a A microsponge according to claim 5 wherein 
the inert weighting material is selected from 
chromium, tungsten, cobalt, molybdenum, 
titanium, nickel and alloys. 

9. A microsponge according to claim 8 wherein 
the weighting material is titanium and the 
microsponge has hybridoma cells immobilized 
therein. 

10. A microsponge according to claim 1 wherein 
the bioactive biocompatible polymer is highly 
crosslinked collagen. 

11. A microsponge according to claim 10 wherein 
the highly crosslinked collagen matrix is pre- 
pared by the steps of 

(a) milling a source of collagen selected 
from Type I, II and III collagen, 

(b) admixing the milled collagen with an 
acidic liquid medium, 

(c) lyophilizing the collagen-liquid medium 
mixture into a dry matrix, and 
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(d) crosslinking the collagen in the dry ma- 
trix by a tr atm nt selected from 

(i) contacting the collagen with a crosslin- 
king agent selected from the group con- 
sisting of carbodiimides and bifunctional s 
suiccinimidyl active esters, 

(ii) subjecting the solid droplet to ele- 
vated temperatures under a vacuum, and 

(iii) a combination thereof. 

10 

12. A microsponge according to claim 11 wherein 
the inert weighting material is added into the 
mixture of collagen and acidic liquid medium 
as a finely divided powder prior to lyophiliza- 
tion. is 

13. The microsponge of claim 12 wherein the col- 
lagen is Type 1 , tendon collagen. 

14. A bioreactor system comprising a plurality of 20 
weighted microsponges according to claim 1 
sterilized and aseptically sealed in a reactor 
vessel. 

15. A bioreactor system according to claim 14 25 
wherein the reactor has a volume between 
about 0.1 to 10 litres. 

16. A bioreactor system according to claim 15 
wherein the reactor is a fluidized bed reactor, 30 
having a fluid distribution plate. 

17. A process for performing a bioreaction com- 
prising immobilizing a bioactive material in the 
microsponges of claim 1; containing the micro- 35 
sponges having the immobilized bioactive ma- 
terial in a suitable reactor vessel; passing a 
liquid reagent stream into the reactor in direct 
contact with the microsponges; agitating the 
mixture of the microsponges and the reagent 40 
stream and recovering the biochemical reac- 
tion products from the reactor. 

1a A process according to claim 17 wherein or- 
ganisms are immobilized in the microsponges, 45 
the microsponges are incubated to promote 
growth and colonization of the microsponges 
by the organisms, the reagent comprises nu- 
trient media for promoting the growth and me- 
tabolism of the organisms, and wherein the so 
product comprises metabolites of the organ- 
isms. 

19. A process of claim 17 wherein organisms are 
immobilized on the microsponges and the re- 55 
covered product comprises free organisms 
which hav escaped from the microsponges. 



20. A process according to claim 18 wherein the 
organisms comprise hybridomas and the prod- 
uct comprises monoclonal antibodies. 

21. A process according to claim 20 wherein the 
reactor vessel comprises a fluidized bed reac- 
tor. 

22. A process according to claim 18 wherein the 
organisms comprise mammalian cells and the 
products comprise mammalian cell products. 

23. A process according to claim 18 wherein the 
organisms are genetically engineered microbial 
cells and the product comprises secreted pro- 
tein products. 

24. A process according to claim 19 wherein the 
organisms are genetically engineered microbial 
cells and the product comprises the organisms 
containing a non-secreted protein product. 

25. A method for the continuous in vitro culture of 
organisms for the production of biochemical 
products comprising the steps of: 

(a) providing a highly crosslinked, collagen 
microsponge prepared by 

(i) milling a source of collagen selected 
from the group consisting of Types I, II 
and III collagen, 

(ii) admixing the milled collagen with an 
acidic liquid medium, 

(iii) lyophilizing the collagen-liquid me- 
dium mixture into a dry sponge matrix, 
and 

(iv) crosslinking the collagen- in the 
sponge matrix by a treatment selected 
from: 

(1) contacting the collagen with a 
crosslinking agent selected from the 
group consisting of carbodiimides and 
bifunctional succinimidyl active esters. 

(2) subjecting the dry sponge matrix 
to elevated temperatures under a 
vacuum, and 

(3) a combination thereof; 

(b) inoculating the highly crosslinked, col- 
lagen microsponge of step (a) with a culture 
of the organisms; 

(c) passing a nutrient media in direct con- 
tact with the inoculated, highly crosslinked 
collagen microsponge; and 

(d) recovering the biochemical products with 
the nutrient media effluent. 

26. A method according to 25 wherein the or- 
ganisms are selected from bacteria, fungi, 
viruses, algae, yeasts, animal c lis and plant 
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cells. 

27. A method of claim 25 wherein the organisms 
are mammalian cells and the biochemical pro- 
ducts comprise mammalian cell products. 

28. A method according to claim 25 wherein the 
organisms are hybridomas and the biochemi- 
cal products comprise monoclonal antibodies. 

29. A method according to claim 25 wherein the 
organisms are genetically engineered and the 
biochemical products comprise the organisms 
containing a non-secreted protein product. 

30. A method according to claim 25 wherein the 
organisms are genetically engineered and the 
biochemical products comprise secreted pro- 
tein products. 

31. A method according to claim 25 wherein the 
highly crosslinked, collagen microsponge is 
formed into a shape selected from beads, 
flakes, discs, fibres, Rims and sheets. 

32. A method according to claim 25 wherein said 
highly crosslinked, collagen microsponge is 
provided as a coating on a support. 

33. A method according to claim 25 wherein the 
highly crosslinked, collagen microsponge has 
an open to the surface pore structure with an 
average pore size in the range of from about 1 
to about 150 microns and the pores of the 
microsponge occupy from about 70 to about 
98% by volume of the matrix. 

34. A method according to claim 25 wherein the 
highly crosslinked, collagen microsponge is in 
the shape of a bead with an average particle aq 
size of from about 100 to 1000 microns. 

35. A method of claim 25 wherein the nutrient 
media is passed in direct contact with the 
inoculated, highly crosslinked collagen micro- 45 
sponge in a reactor selected fixed bed reac- 
tors, stirred tank reactors, fluidized bed reac- 
tors and moving bed reactors. 

36. A method according to claim 25 wherein the so 
highly crosslinked collagen in the microsponge 

has a molecular weight of from about 1 X 10* 
to about 50 X 10 6 . 

37. A method according to claim 25 wherein the 55 
highly crosslinked collagen has a mol cular 
weight between crosslinks of from about 1.000 

to 100,000 via covalent bonding. 
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4. Ein Mikroschwamm nach Anspruch 1 , 

wobel das inerte Beschwerungsmaterial ausge- 
wahlt ist aus Metallen, Metallegierungen, Me- 
talloxyden und Keramiken. 

5. Ein Mikroschwamm nach Anspruch 4, 

wobei das Beschwerungsmaterial ein spezifi- 
sches Gewicht von ungefahr 4.0 und der Mi- 
kroschwamm ein spezifisches Gewicht von un- 
gewahr 1 ,3 hat. 

6. Ein Mikroschwamm nach Anspruch 5, 

wobei das inerte Beschwerungsmaterial disper- 
giert bzw. fein verteilt ist Ober die porose Ma- 
trix als fein verteiltes Pulver. 

7. Ein Mikroschwamm nach Anspruch 5, 

wobei das Beschwerungsmaterial zentral ange- 
ordnet ist als in fester Kern, urn den herum 
di porose Matrix gebildet ist. 



1. Ein Mikroschwamm zur 
Immobilisierung/Festlegung bioaktiven Materi- 

5 als in bewegten Bioreaktor-Systemen, 

dadurch gekennzeichnet, 
dafl der Mikroschwamm besteht aus einer po- 
rosen, biostabilen (biologisch stabilen) Matrix 
aus biokompatiblem (biologisch vertraglichem) 
10 Polymer, welches ein inertes Beschwerungs- 

material zur Beschwerung des Mikro- 
schwamms enthSIt; die Matrix hat eine zur 
OberflSche offene Porenstaiktur mit einer 
durchschnittlichen PorengroBe von ungefahr 1 
15 bis ca. 150 Mikrons. die Poren der Matrix 

nehmen ungefahr 70 Vol-% bis 98 Vol-% des 
Volumens des Mikroschwammes ein (ca. 70 
bis 98 Vol-% Porenvolumen), und dafl der Mi- 
kroschwamm eine durchschnittliche Partikel- 
20 groGe von ungefShr 100 bis 1000 Mikrons und 

ein spezifisches Gewicht von ungefahr 1,05 
hat. 

2. Ein Mikroschwamm nach Anspruch 1 mit darin 
25 immobilisiertem bioaktivem Material, 

welches ausgawShft ist aus der Gruppe beste- 
hend aus Enzymen, Mikroorganismen, toten 
Zellen und lebenden Zellen. 

30 a Ein Mikroschwamm nach Anspruch 1 , 

wobei das biostabile, biokompatible Polymer 
ausgewahlt ist aus den Stoffgruppen Collage- 
nen, Zellulose, Dextran, Dextrin, Polyamiden, 
Polyestern. Starke, Agarose, Carragenin. Po- 
35 lyurethan, Polyvinyl-Alkohol, Polyacrylat, Poly- 

methacrylat und Polyacrylamid. 
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8. Ein Mikroschwamm nach Anspruch 5, 

wobei das inerte 

Beschwerungsmaterial/Gewichtsmaterial aus- 
gewahlt ist von Chrom. Wolfram, Kobald, Mo- 
lybdan, Titan, Nickel und deren Legierungen. 

9. Ein Mikroschwamm nach Anspruch 5. 

wobei das Gewichtsmaterial Tilan ist und 
Hybridoma-Zellen in den Mikro-Schwamm im- 
mobilisiert sind. 

10. Mikroschwamm nach Anspruch 1, 

wobei das bioaktive, biokompatible Polymer in 
hohem MaBe Uber Kreuz verbundenes Colla- 
gen ist. 

11. Mikroschwamm nach Anspruch 10, 

wobei die kreuzweise verbundene Collagen- 
Matrix gebildet ist durch die Verfahrensstufen: 

(a) Mahlen eines Collagenmaterials ausge- 
wahlt von den Typen I, II und III Collagen, 

(b) Vermischen des gemahlenenen Colla- 
gens mit einem sauren flussigen Medium. 

(c) Gefriertrocknen der flOssigen Collagen- 
mischung in eine trockene Matrix und 

(d) kreuzweises Verbinden des Collagens in 
der trockenen Matrix durch eine Behand- 
lung ausgewahlt von 

(I) Kontaktieren/lnberOhrungbringen des 
Collagens mit einem querverbindenden 
Mittel, ausgewahlt von der Gruppe beste- 
hend aus Carbodiimid und bifunktionalem 
Suiccinimidyl aktiven Estern, 

(II) Aussetzen bzw. Unterwerfen der fe- 
sten Tropfchen erhohten Temperaturen 
unter Vakuum und 

(III) einer Kombination hiervon. 

12. Mikroschwamm nach Anspruch 11, 

wobei das inerte Gewichtsmaterial als fein ver- 
teiltes Pulver vor der Gefriertrocknung in die 
Mischung von Collagen und saurem, flussigem 
Mittel zugesetzt wird. 

13. Der Mikroschwamm nach Anspruch 12. 
wobei das Collagen vom Typ 1 ist, Tendon 
Collagen. 

14. Ein Bioreaktor-System bestehend aus einer 
Vielzahl beschwerter 

Mikro-SchwSmme gemSB Anspruch 1, die in 
einem Reaktorbehalter sterilisiert und asep- 
tisch versiegelt sind. 

15. Ein Bioreaktor-System gemafl Anspruch 14, 
wobei der Reaktor ein Volumen zwischen 0,1 
bis 10 Litem hat. 



16. Ein Bioreakter-System gemaB Anspruch 15, 
wobei der Reaktor ein Fluid-Bett-Reaktor mit 
einer Fluidverteilungsplatte ist. 

5 17. Ein Verfahren zur AusfOhrung einer Bioreak- 
tion, umfassend eine Immobilisierung eines 
bioaktiven Materials in Mikroschwammen ge- 
maB Anspruch 1; Einbringen der Mikro- 
schwSmme mit dem immobilisierten bioaktiven 

w Material in einen passenden Reaktorbehalter; 

Durchleiten eines flOssigen Reaktionsmittel- 
Stromes in und durch den Reaktor in direktem 
Kontakt mit den Mikroschwammen, RUhren der 
Mischung aus Mikroschwammen und stromen- 

)5 dem Reaktionsmittel, Gewinnen des biochemi- 

schen Reaktionsproduktes aus dem Reaktor. 

18. Ein Verfahren gemaB Anspruch 17, 

wobei Organismen in den Mikroschwammen 

20 immobilisiert sind, wobei die Mikroschwamme 

vorbereitet/ausgebrUtet sind zur Forderung des 
Wachstums und zur Colonisierung der Mikro- 
schwamme durch die Organismen, wobei das 
Reaktionsmittel Nahrmittel zur FOrderung des 

25 Wachstums und der Metabolisierung der Orga- 

nismen enthalt, und wobei das Produkt Meta- 
bole (Stoffwechselprodukte) der Organismen 
enthalt. 

so 19. Ein Verfahren nach Anspruch 17, 

wobei die Organismen an bzw. auf den Mikro- 
schwammen immobilisiert sind und das ge- 
wonnene Produkt freie Organismen enthalt, die 
von den Mikroschwammen entwichen sind. 

35 

20. Ein Verfahren nach Anspruch 18, 

wobei die Organismen aufweisen bzw. beste- 
hen aus Hybridomas und das Produkt mono- 
clonale AntikOrper aufweist. 

40 

21. Verfahren nach Anspruch 20, 

wobei der Reaktorbehalter einen Fluid-Bett-Re- 
aktor aufweist. 

45 22. Verfahren nach Anspruch 18, 

wobei die Organismen Saugetierzellen und das 
Produkt SSugetierzellprodukte umfassen. 

2a Ein Verfahren nach Anspruch 1 8, 
60 wobei die Organismen durch Gentechnik her- 
gestellte Mikro-Zellen sind und das Produkt 
ausgeschiedene Proteinprodukte umfaBt. 

24. Ein Verfahren nach Anspruch 1 9. 
55 wobei die Organismen durch Gentechnik her- 

gestellte Mikroben-Zellen sind und das Produkt 
Organismen umfafit, welch ein nicht ausge- 
schiedenes Protein-Produkt enthalt. 
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25. Ein Verfahren fUr die kontinuierliche In-Vitro- 
Kultur von Organismen fOr die Herslellung bio- 
chemischer Produkte, umfassend die Schritte: 

(a) Bereitstellung eines hochgradig querver- 
bundenen Collagen Mikroschwammes, der 
hergestellt wurde durch 

(I) Mahlen einer Quelle von Collagen, 
welches ausgewahlt ist von der Gruppe 
bestehend aus den Typen I, II und III 
Collagenen, 

(II) Mischen des gemahlenen Collagens 
mit einem sauren, flUssigen Medium, 

(III) Gefriertrocknen der Collagen-FIUssig- 
keitsmischung zu einer trockenen 
schwammigen Matrix und 

(IV) Querverbindung des Collagens in der 
Schwamm- Matrix durch eine Behandlung 
ausgewahlt aus 

(1) Inkontaktbringen des Collagens mit 
einem Querverbindungselement, aus- 
gewShlt aus der Gruppe bestehend 
aus Carbodiimiden und bifunktionalen 
Succinimidyl aktiven Estem, 

(2) Unterwerfen der trockenen 
schwammigen Matrix erhohten Tem- 
peraturen und einem Vakuum, und 

(3) einer Kombination davon; 

(b) Impten des hoch querverbundenen 
Collagen-Mikroschwammes der Stufe (a) mit 
einer Kultur des Mikro-Organismus; 

(c) Durchleiten einer NShrlosung in direk- 
tem Kontakt mit dem geimpften, hochgradig 
querverbundenen Collagen-Mikroschwam- 
mes und 

(d) Gewinnung des biochemischen Produk- 
tes aus der abflieflenden Nahrlosung. 

26. Ein Verfahren nach Anspruch 25, 

wobei die Organismen ausgewShlt sind aus 
Baklerien. Pilzen. Viren, Algen, Hefen, tieri- 
schen Zellen und pflanzlichen Zellen. 

27. Ein Verfahren nach Anspruch 25, 

wobei die Organismen Saugetierezellen sind 
und die biochemischen Produkte Saugetierzell- 
Produkte umfassen. 

28. Ein Verfahren nach Anspruch 25, 

wobei die Organismen Hybridomas sind und 
die biochemischen Produkte monoclonale Anti- 
k5rper umfassen. 

29. Ein Verfahren gemaB Anspruch 25, 

wobei die Organismen gentechnisch herge- 
stellt sind und die biochemischen Produkte 
Organismen umfassen, die ein nicht ausge- 
schiedene3 Protein-Produkt enthalten. 



30. Ein Verfahren gemaB Anspruch 25, 

wobei die Organismen gentechnisch 
behandelt/hergestellt sind und die biochemi- 
schen Produkte ausgeschiedene (sekretierte) 
Protein-Produkte umfassen. 

31. Ein Verfahren gemaB Anspruch 25. 

wobei der hochgradig querverbundenen 
Collagen-Mikroschwamm gebildet ist in einer 
Form ausgewShlt aus Perlen, Flocken. Schei- 
ben, Basen, Filmen und Bogen. 

32. Ein Verfahren gemafl Anspruch 25, 

wobei der hochgradig querverbundene 
Collagen-Mikroschwamm vorgesehen ist als 
ein Oberzug auf einem TrSger. 

33. Ein Verfahren gemaB Anspruch 25, 

wobei der hochgradig querverbundene 
Collagen-Mikroschwamm eine zu den Oberfla- 
chen offene Porenstruktur hat mit einer durch- 
schnittlichen PorengroBe im Bereich von unge- 
fahr 1 bis ungefahr 150 Mikrons und die Poren 
des Mikroschwammes ungefahr 70 bis unge- 
fahr 98 Vol.-% der Matrix einnehmen. 

34. Ein Verfahren gemaB Anspruch 25, 

wobei der hochgradig querverbundene 
Collagen-Mikroschwamm vorliegt In der Gestalt 
von Perlen mit einer durchschnittlichen Parti- 
kelgroSe von ungefahr 100 bis 1000 Mikron. 

35. Ein Verfahren nach Anspruch 25, 

wobei das Nahrmedium durchgeleitet wird in 
direktem Kontakt mit den ungeimpften, hoch- 
gradig querverbundenem Collagen-Mikro- 
schwamm in einem Reaktor ausgewahlt aus 
Fest-Bett-Reaktoren. RUhrtank-Reaktoren. 
Fluld-Bett-Reaktoren und Bewegt-Bett-Reakto- 
ren. 

36. Ein Verfahren gemSB Anspruch 25, 

wobei die hochgradig querverbundene Colla- 
gen in dem Mikroschwamm ein Molekularge- 
wicht von ungefahr 1 x 10 s bis ungefShr 50 x 
10 s hat. 

37. Ein Verfahren gemaB Anspruch 25, 

wobei das hochgradig querverbundene Colla- 
gen zwischen den Querverbindungen ein Mole- 
kulargewicht von ungefahr 1000 bis 100000 
Kovalenzbindungen (Elektronenpaarbindungen) 
aufweist. 

Revendlcatlons 

1. Une microSponge permettant d'immobiliser 
des matieres bio-actives dans les systemes de 
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bio-r6acteurs ouverts, caracteVisee en ce que 
la microeponge comprend une matric bio- 
slable poreuse constitute d'un polymere bio- 
compatible, comprenant un materiau alourdis- 
sant inerte qui alourdit la micro-sponge; la 
matrice prSsentant une ouverture au niveau de 
la surface poreuse avec une dimension 
moyenne des pores comprise dans un interval- 
le allant d'environ 1 a environ 150 microns, les 
pores de la matrice occupant environ 70 a 
environ 98% en volume de la micro-sponge, et 
en ce que la micro-Sponge a une taille moyen- 
ne de particules d'environ 100 a 1000 microns 
et une densite spScifique d'environ 1 .05. 

2. Une microeponge selon la revendication 1, 
dans laquelle sont immobilisees les matieres 
bio-actives selectionnees dans le groupe 
conslstant en : enzymes, micro-organismes, 
cellules modes et cellules vivantes. 

3. Une microeponge selon la revendication 1 , ca- 
racteVisee en ce que le polymere bio-compati- 
ble bio-stable est selectionne parmi collagene. 
cellulose, dextran. dextrine, polyamides, po- 
lyesters, amidon, agarose, carragdnine, polyu- 
rethanes, alcools polyvinyliques, polyacrylates, 
polym&hacrylates et polyacrylamides. 

4. Une microeponge selon la revendication 1 , ca- 
racterisee en ce que le materiau alourdissant 
inerte est sSlectionne parmi des mStaux, des 
alliages de metaux, des oxydes metalliques et 
des cSramiques. 

5. Une microeponge selon la revendication 4, ca- 
racte risSe en ce que le mateViau alourdissant 
a une densite spScifique superieure a environ 
4,0 et la microeponge a une density spScifique 
supeneure a environ 1 ,3. 

6. Une microe'ponge selon la revendication 5, ca- 
racte ris6e en ce que le mateViau alourdissant 
inerte est disperse de fagon homogene dans la 
matrice poreuse sous la forme d'une poudre 
finement divisee. 



9. Une microeponge selon la revendication 8, ca- 
ractSrisSe en ce que le materiau alourdissant 
est du titane et des cellules d'hybridomes sont 
immobilisSes dans la microeponge. 

5 

10. Une microe'ponge selon la revendication 1, ca- 
raclerisSe en ce que le polymere bio-compati- 
ble bio-actif correspond a du collagene haute- 
ment r£ticule\ 

w 

11. Une microeponge selon la revendication 10, 
caracteVisee en ce que la matrice de collagene 
hautement reticuld est prSparSe par les etapes 
suivantes : 

is (a) broyage d'une source de collagene s6- 

lectionnee parmi les collagenes du type 1 , 2 
et 3, 

(b) melange du collagene broye avec un 
milieu liqulde acide, 
so (c) liophilisation du melange milieu liquide- 

collagene dans une matrice seche, et 
(d) reticulation du collagene dans la matrice 
seche par un traitement s6lectionn6 parmi 

(i) la mise en contact du collagene avec 
25 un agent de reticulation selectionne dans 

le groupe consistant en carbodiimides et 
esters actifs bifonctionnels de suiccinimi- 
dyl, 

(ii) I'exposition des particules solides a 
so des temperatures elevSes sous vide et. 

(iii) une combinaison de ces traitements. 

12. Une microeponge selon la revendication 11, 
caracteVisee en ce que le mateViau alourdissant 

35 inerte est ajoute au melange de collagene et 

de milieu acide sous la forme d'une poudre 
finement divisee avant I'etape de liophilisation. 

13. La microeponge selon la revendication 12, ca- 
40 racterisee en ce que le collagene est un colla- 
gene de tendon de type 1. 

14. Un systeme de bio-reacteur comprenant une 
plurality d'Sponges chargSes. selon la revendi- 

45 cation 1 . sterilisSes et scellSes de fagon asep- 

tique dans le recipient du rSacteur. 



7. Une microeponge selon la revendication 5, ca- 
ractens6e en ce que le materiau alourdissant 

est dispose au centre sous la forme d'un so 
noyau solide autour duquel la matrice poreuse 
est formee. 

8. Une microeponge selon la revendication 5. ca- 
ractirisee en ce que le materiau alourdissant ss 
inerte est selectionne parmi chrome, tungste- 

ne, cobalt, molybdene, titane, nickel et les 
alliages. 



15. Un systeme de bio-reacteur selon la revendi- 
cation 14, caracterise en ce que le r6acteur a 
un volume compris entre environ 0,1 et 10 
litres. 

16. Un systeme de bio-reacteur selon la revendi- 
cation 15, caracterise en ce que le reacteur est 
un reacteur a lit fluidisS comportant une plaque 
de distribution du fluide. 
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17. Un procede permettant de r^aliser une bio- 
reaction comprenant I'immobilisation d'une 
matiere bio-reactive dans des microeponges 
selon la revendication 1; le chargement des 
microeponges comportant la matiere du r^actif 
immobilise" dans un recipient de reacteur ap- 
propri6; le passage d'un courant de r^actif 
dans le reacteur au contact direct avec les 
microeponges; I'agitatlon du melange des mi- 
croeponges et du courant de r6actif et la re- 
cuperation des produits de reaction biochimi- 
que a partir du reacteur. 

18. Un precede selon la revendication 17. caracte- 
ris6 en ce que des microorganismes sont im- 
mobilises dans les microeponges, les microe- 
ponges sont incube'es pour favoriser la crois- 
sance et la colonisation des microe" ponges par 
les microorganismes, le r^actif comprend un 
milieu nutritif permettant de favoriser la crois- 
sance et le mitabolisme des microorganismes. 
et en ce que le produit comprend les metaboli- 
tes des microorganismes. 

19. Un procede selon la revendication 17. caracte- 
rise en ce que des microorganismes sont im- 
mobilises sur les microeponges, et le produit 
recupere comprend les microorganismes libres 
qui se sont 6chappes des microeponges. 

20. Un proc6de selon la revendication 18, caracte- 
rise en ce que les microorganismes compren- 
nent des hybrodomes et le produit comprend 
des anticorps monoclonaux. 

21. Un procede selon la revendication 20 caractdri- 
sd en ce que le recipient du reacteur com- 
prend un reacteur a lit fluidise. 

22. Un precede selon la revendication 18, caracte- 
rise en ce que les microorganismes compren- 
nent des cellules de mammiferes et les pro- 
duits comprennent des produits de cellules de 
mammiferes. 

23. Un procede selon la revendication 18, caracte- 
rise en ce que les microorganismes sont des 
cellules microbiennes genetiquement modi- 
fies et le produit comprend des produits pro- 
teiques secretes. 

24. Un precede selon la revendication 19, caracte- 
ris6 en ce que les microorganismes sont des 
cellules microbiennes genetiquement modi- 
fiees et le produit comprend des organismes 
contenant un produit proteique non-secrete. 



25. Un proc6de permettant la culture in vitro en 
continu d'organism s pour la production de 
produits biochimiques comprenant les etapes 
sVivantes : 

s (a) utilisation d'une microeponge a base de 

collagene hautement reticule prepare par : 
(i) broyage d'une source de collagene 
seiectionnee dans le groupe consistant 
en collagene de type 1 , 2 et 3, 

to (ii) melange du collagene broye avec un 

milieu liquide acide, 

(iii) liophilisation du melange milieu 
liquide-collagene dans une matrice 
d'eponge seche, et 
is (iv) reticulation du collagene dans la ma- 

trice d'eponge par un traitement seiec- 
tionne parmi : 

(1) la mise en contact du collagene 
avec un agent de reticulation s6lec- 

20 tionne dans le groupe consistant en 

carbodiimides et les esters actifs bi- 
fonctionnels de succinimidyl, 

(2) I'exposition de la matrice d'eponge 
seche a des temperatures elevees 

25 sous vide, et 

(3) une combinaison de ces traite- 
ments; 

(b) inoculation de la microeponge a base de 
collagene hautement reticuiee de l'6tape (a) 

30 avec une culture de microorganismes; 

(c) passage d'un milieu nutritif au contact 
direct de la microeponge inocuiee a base 
de collagene hautement reticule; et 

(d) recuperation des produits biochimiques 
35 avec ('effluent de milieu nutritif. 

26. Un procede selon la revendication 25, caracte- 
rise en ce que les microorganismes sont s6- 
lectionnes parmi bactenes, champignons, vi- 

40 rus, algues, levures, cellules animates et cellu- 

les vegetates. 

27. Un procede selon la revendication 25, caracte- 
rise en ce que les microorganismes sont des 

45 cellules de mammiferes et les produits chimi- 

ques comprennent des produits de cellules de 
mammiferes. 

2a Un procede selon la revendication 25, caract6- 
so rise en ce que les microorganismes sont des 

hybridomes et les produits biochimiques com- 
prennent des anticorps monoclonaux. 

29. Un precede selon la revendication 25. caracte- 
55 rise en ce que les microorganismes sont modi- 

fies genetiquement et les produits biochimi- 
ques comprennent les organismes contenant 
un produit proteique non-secrete. 
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30. Un procede selon la revendication 25, caractS- 
ris6 ©n ce que les organismes sont modifies 
ggndtiquement et I s produits biochimiques 
comprennent des produits proteiques secretes. 

s 

31. Un procede selon la revendication 25, caracte- 
risd en ce que la microeponge a base de 
collagene hautement reticule est formee sous 
une forme selectionnee parml billes, flocons, 
disques, fibres, films et feuilles. w 

32. Un proced6 selon fa revendication 25, caracte- 
rise en ce que ladite microeponge & base de 
collagene hautement rdticulS est prepare 
sous la forme d'un revetement sur un support. is 

33. Un procede* selon la revendication 25, caractS- 
rise en ce que la microeponge a base de 
collagene hautement reticule 1 presents une ou- 
verture au niveau de la surface poreuse avec 20 
une dimension moyenne des pores comprise 
dans un intervalle allant d'environ 1 a environ 

150 microns, et les pores de la microeponge 
occupent environ de 70 a environ 98% en 
volume de la matrice. 25 

34. Un procede selon la revendication 25, caracte- 
rise' en ce que la microeponge a base de 
collagene hautement v6hicuie est sous forme 

de billes ayant une dimension particulate 00 
moyenne d'environ 100 a 1000 microns. 

35. Un procede selon la revendication 25, caract^- 
ris6 en ce que le milieu nutritif passe au 
contact direct de la microeponge inoculee a 35 
base de collagene hautement reticule dans un 
reacteur selectionn^ parmi des reacteurs a lit 
fixe, des reacteurs agites, des reacteurs a lit 
fluidlse et des reacteurs a lit mobile. 

40 

36. Un procede selon la revendication 25, caracte- 
rise" en ce que le collagene hautement reticule 
present dans la microeponge a un poids moie- 
culaire compris entre environ 1.10 s et environ 
50.10 s . « 

37. Un procede selon la revendication 25, caractS- 
rise en ce que le collagfene hautement rgticuie 
a un poids moieculaire entre les liaisons de 
reticulation d"environ 1000 a environ 100000 50 
par liaison covalente. 
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FIG. I. 




EP 0 217 917 B1 



FIG. 2. 
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